, however, have hypothesized that a dynamic array of MTs is a source of potential morphogenetic determinants; by the selective stabilization of individual MTs, a MT-based cellular asymmetry could be generated.
an antibody against detyrosinated tubulin, a post-translationally modified form of tubulin that accumulates in stable MTs, we localized the stable MTs in mouse 3T3 cells induced to imitiate directional migration by experimental wounding of confluent monolayers. Immediately after monolayer wounding, the distribution of stable MTs in cells at the wound edge resembled that in cells in the monolayer interior; most cells either contained randomly distributed stable MTs or lacked them entirely. However, by 20 min after wounding, cells at the wound margin began to generate an asymmetric MT array, with virtually all stable MTs oriented toward the cell edge in contact with the wound. Two hours after monolayer wounding, 280% of cells at the wound margin had generated this polarized array of stable MTs, and the array was maintained for at least 12 hr. MTs in the polarized array showed enhanced resistance to depolymerization by nocodazole, thus providing an independent test of their stability. Formation of the polar array of stable MTs appeared to precede onset ofcell migration and closely paralleled reorientation of the MT-organizing center. These results show that cultured cells can remodel their MT array rapidly in response to an extracellular signal and suggest that selective stabilization of MTs is an early event in the generation of cellular asymmetry.
Microtubules (MTs) are conspicuous elements of the cytoskeleton of nearly all eukaryotic cells. Composed of the subunit protein tubulin, they grow (or shrink) by the addition (or loss) of soluble tubulin at their ends. Besides their essential role in the spindle of mitotic and meiotic cells, MTs perform numerous functions in proliferating interphase cells and in terminally differentiated cells; e.g., MTs serve as tracks along which organelles move (1, 2) and as structural elements that contribute to the maintenance of cellular asymmetry (for review, see ref. 3) . Because these functions are intimately coupled to the location of MTs within cells, much effort has been expended studying the factors that govern MT distribution within cells.
Cultured fibroblasts have often been used for studies of MT behavior in vivo because of the relative facility with which individual MTs can be visualized by immunofluorescence (4) . In fibroblasts, location of one end of the MT is specified by its attachment to the centrosome, a MT organizing center (MTOC) near the nucleus; this attachment causes the typical stellate organization of interphase MTs. Although the centrosome anchors one end of each MT and may limit the number of MTs by limiting the number of attachment sites (5, 7) , whether other factors, acting along the length of the MT or at the end distal to the centrosome, also contribute to specification of the MT array is not known.
The dynamics of MT polymerization and depolymerization also affect the distribution ofMTs within cells. Recent studies have shown that the static picture of MTs portrayed in immunofluorescent images belies an amazing degree of dynamic behavior. In cultured fibroblasts, most MTs exist only transiently, with a half-life averaging only 5-10 min (6, 32) , meaning that the entire interphase array of MTs is replaced approximately every hour. The function ofthis rapid turnover of MTs is unknown. Kirschner and Mitchison (8) , however, have hypothesized that a dynamic array of MTs is a source of potential morphogenetic determinants; by the selective stabilization of individual MTs, a MT-based cellular asymmetry could be generated.
Considerable evidence exists, both from drug studies (9) (10) (11) and from the direct measurement of MT turnover (6, 12, 13) , for a small population of MTs in cultured fibroblasts that is more stable than the bulk of MTs. These stable MTs frequently exhibit a sinuous morphology and are typically comprised of tubulin that has been post-translationally modified (10) (11) (12) (13) . Such stable MTs are prime candidates for a specialized cytoskeletal role-e.g., in organelle transport or in the maintenance of cellular polarity. However, reported distributions of stable MTs seem at odds with such a role; stable MTs appear randomly located and often do not extend to the cell periphery (9) (10) (11) (12) (13) (14) 32) .
In this study we examine the distribution of stable MTs in mouse 3T3 fibroblasts after applying a specific directional signal to the cells. We Immunofluorescence. Cells were fixed in -20'C methanol and stained by double indirect immunofluorescence as described (15), using a rabbit peptide antibody specific for detyrosinated tubulin ([Glu]tubulin) (14) and a rat monoclonal antibody specific for tyrosinated tubulin ([Tyr]tubulin) (16, 17 (Fig. 2a) (Fig. 2b) (Fig. 2) .
We deliberately chose the cell in Fig. 2 Reorientation of the MTOC after wounding closely paralleled the appearance of a polarized array of [Glu]MTs (Fig. 3) . The we cannot unambiguously establish the temporal order of the two events. We did see a small proportion of cells (1-10%o) , beginning with the 20-min time point, that had oriented [Glu]MTs but nonoriented MTOCs (as in Fig. 2 min) a population of resistant MTs was evident (Fig. 4) . In cells at the margin of 4-hr wounds, the resistant MTs were almost exclusively oriented toward the leading edge and, as expected, were ofthe [Glu]MT type (i.e., stained with the antibody against [Glu]tubulin (Fig. 4b) .
Interestingly, the nocodazole-resistant MTs were also stained with the antibody against [Tyr]tubulin (Fig. 4a) Fig. 4 ). This experiment demonstrates a stability independent of previous studies. ( Existence of a polarized array of less dynamic MTs has implications for the control of MT dynamics in cells. Because virtually all cells (>85%) at the wound edge respond by generating an oriented array of [Glu]MTs and 39% of cells did not contain [Glu] MTs at the time of wounding, 3T3 cells clearly can form de novo a stable array of MTs in response to an external stimulus. What is unusual about this response is that only a localized subset of the MTs is involved. We hypothesize that the stimulus (presumably lack of cell contact on one side of the cell) causes a transmembrane signal that alters the concentration of ions and/or small diffusible molecules that, in turn, alter activity of a MT-stabilizing factor. The direct effect of a diffusible second-messengertype molecule on the MTs themselves seems unlikely because it would affect all MTs in the leading-edge region, and we consistently observed dynamic [Tyr]MTs among stable [Glu]MTs. However, if the second messenger activated a limited number of MT-stabilizing molecules or served to localize such factors, a regional and selective stabilization of MTs could be achieved. How the putative MT-stabilizing factor stabilizes MTs is unknown; however, one clue may come from the observation that [Glu] MTs in other cells add neither endogenous tubulin subunits (24) nor microinjected tubulin subunits labeled with reporter groups (13) Gundersen and Bulinski What role do MTs fulfill in cellular migration? Many studies have shown that pharmacological disruption of MTs neither inhibits the active protrusion of a leading lamella nor blocks random movement of cells (25) (26) (27) . These functions are blocked by microfilament inhibitors. Instead, MT disruption leads to loss in directionality of movement. Our results suggest that selective stabilization of MTs in the direction of migration is important in maintaining this directionality. Significantly, we saw the stabilization event before any change in cell behavior was evident, suggesting that the alteration in MT dynamics is aprimum mobile for morphological change. Thus, our data provide direct experimental evidence for the hypothesis that stabilization of a subset of MTs within a dynamic array is a mechanism by which morphogenetic events are evoked (8) .
How the stable array of MTs is established and also how the array is used by the cell remain to be determined. Possibly the stable MT array serves as structural buttressing. In migrating fibroblasts, Rinnerthaler et al. (28) have seen a few MTs that apparently terminate in adhesion plaques near the leading edge. But recent evidence for organelle transport along MTs (1, 2) and for distinct MT-based motor proteins (29, 30) makes it more likely that the stabilization ensures or activates directed transport of membrane vesicles or organelles in the cell. In at least one instance, polarized insertion of a membrane protein into the leading edge of wounded cells has been shown (31) . Stabilization of MTs may also be involved in the repositioning of the MTOC and Golgi apparatus that occurs during wound healing. For example, if the stable MTs function to tether these organelles within the cell, movement or shortening of stable MTs in wounded cells could move the MTOC and Golgi apparatus in tandem. Certainly, probing the mechanism by which MTs are stabilized and subsequently used will further our understanding of the molecular events in cell motility and morphogenesis.
